ABSTRACT: A library of novel naphtho[2,1-e]-fused 1,2-azaphosphorine-2-oxides that contain electron-withdrawing and -donating substituents on the 3-phenyl groups have been designed, prepared and characterized. This new family of phosphorus-and nitrogencontaining heterocycles are found to be brightly fluorescent with tuneable emission wavelengths (em = 441−493nm, F = 0.19−0.93). Their strong self-dimerization behaviours through N−H and P=O hydrogen bond donors/acceptors were investigated experimentally and theoretically. It has been demonstrated that the pendant phenyl groups can be used to modify the intrinsic optoelectronic properties as well as the self-association of heterocycles. These results presented herein are expected to enable the development of new photofunctional materials and provide important insights in diverse areas of supramolecular chemistry.
■INTRODCUTON
Six-membered phosphorus-and nitrogen-containing (PN) heterocycles based on the azaphosphinine/azaphosphorine scaffold have been studied for over half a century. Phosphinamidate 1 and phosphonamidate 2 ( Figure 1 ) represent two of the earliest known examples, disclosed in 1960 by the groups of Dewar 1 and Campbell, 2 respectively. Nonetheless, such molecules were scarcely explored in the following 45+ years, mainly because of the lack of viable and reliable synthetic methods to prepare them. This has changed in the last decade, however, as significant efforts have been devoted to metal-mediated C-H functionalization routes to relevant analogues such as 3 3 and 4, 4 molecules that have emerged as versatile building blocks for the modular syntheses of organocatalysts and chiral ligands.
Despite these efforts, feasible construction of Nunsubstituted phosphonamidates remains to be exploited. Such systems are appealing as the phosphonamide motif features a hydrogen-bond-donating N−H moiety and one strong hydrogen-bond-accepting phosphonyl group. 5, 6 The latter not only provides a source of chirality but also functions as an electronwithdrawing group to increase the acidity of the N−H. e hydrogen bond donor/acceptor result in intermolecular selfassociation events, which could trigger the formation of various well-ordered supramolecular complexation, leading to novel supramolecular polymers 7 and programmable molecular architectures. 8 In addition, scant attention has been paid to the electronic properties of these heterocycles, as the unique nature of the phosphorus-containing frameworks would make them particularly attractive skeletons for new classes of phosphorous- containing electronic materials, fluorophores, and chemosensors. 9 We reported a metal-free, one-pot tandem synthetic protocol that furnishes 2-λ 5 -phosphaquinolines 5 and 2-λ 5 phosphaquinolin-2-ones 6 in good yields, thus allowing for the facile preparation of diversiform PN-heterocycles with tunable emission properties. 10 More recently, we described the preparation of a series of linearly fused naphtho[2,3-e]-1,2-azaphosphorine-2-oxides 7 exhibiting considerably large Stokes shifts. 11 However, their low quantum efficiencies could limit optoelectronic applications to some extent. Also, it is of fundamental importance to unravel the factors which determine the capabilities of the H-bonding within these systems, not only to predict their self-association behaviour but also to provide insights into designing molecular recognition motifs. 12 Following ongoing interests in the development of PN heterocycles, herein we report the synthesis, electronic characterization and selfdimerization behaviour of angular naphtho-fused PNheterocyclic systems.
■ RESULTS AND DISCUSSION Synthesis and Characterizations. As illustrated in Scheme 1, synthesis of the requisite alkyne precursors (11) for this study start by cross-coupling (trimethylsilyl)acetylene (TMSA) with iodonaphthalenamine 9. Protiodesilation of 10 and a second cross-coupling utilizing the appropriate para-substituted haloarene afforded a series of tolane derivatives 11 containing various aryl substituents in moderate to good yield (see Supporting Information). In all cases, the P(OPh)3-mediated cyclization of 11 proceeded smoothly to give the corresponding phosphinimidates, which were subsequently hydrolyzed with minimal amounts of water to provide the desired phosphonamidates 8. The crude materials were purified by silica-gel column chromatography followed by preparative size-exclusion chromatography (SEC) and then recrystallization to furnish the analytically pure product in reasonable overall yields. Compounds 8a-8f are air-and thermally-stable solids and were fully characterized by conventional spectroscopic techniques ( 1 H, 13 C, and 31 P NMR and HRMS spectroscopy).
Scheme 1. Synthesis of PN-Heterocycles 8
Characteristics to these molecules in their proton NMR spectra in CDCl3 are the N-H singlet and the 31 P-coupled doublet (J ~40 Hz) in the 9.3-9.7 and 7.7-7.9 ppm range, respectively. These peaks shift downfield progressively as the pendant aryl group becomes more electron withdrawing. Alternatively, this same effect results in the 31 P peaks shifting upfield, though there is a definite concentration dependence on their chemical shift (vide infra).
Single crystals of 8c and 8d suitable for X-ray diffraction were obtained by slow evaporation of their CHCl3 or CH2Cl2 solutions, respectively; various depictions of the structures are shown in Figure S1 and Table S1 . As expected, both the N−H donor and P=O acceptor groups in 8c and 8d are involved in hydrogen bond formation to crystalize meso-dimeric complexes in the solid state, as shown in Figure 2a and Figure S1 , respectively. Both 8c (H···O 1.90 Å/159.7°, 1.86 Å/154.7°, respectively) and 8d (H···O 2.05 Å/166°) display short H-bond interactions in the solid state. Notably, a pair of weak intermolecular C-H H-bonds (H···O 2.45 Å/165.2°, 2.43 Å/165.5° for 8c, H···O 2.41 Å/163.6° for 8d, respectively) were observed in the crystalline lattice, which are supported by the observed light red circles in the Hirshfeld surface analysis of 8d (Figure 2b) . Examination of the packing diagram of 8c reveals two antiparallel naphthalene moieties are stacked to form face-toface π-interaction at a distance range of 3.38 A. For 8d, effective π-π interactions occur between the p-cyanophenyl units and naphthalene cores (see Supporting Information). Optoelectronic Properties. As shown in Figure 3 , the UV/vis absorption spectra of 8a-f exhibit two weaker bands at ca. 325-470 nm with the strongest bands in the 275-320 nm range. The lowest energy absorption bands in 8a-e are red-shifted with increasing electron-withdrawing ability of the terminal psubstituents with regard to 8f.
To elucidate the origin of the low energy absorption bands and electronic structures of new PN heterocycles, TD-DFT calculations at the PBE0/6-311G(d) level of theory were performed on the previously optimized geometries of 8. As shown in Figure S9 , the calculated excitation energies for all compounds were found to be in good agreement the experimentally obtained lowest energy absorption bands ( Table 1) . The lowest energy absorption bands are attributed to the S0→S1 electronic transitions, which are dominated by the transitions from HOMO→LUMO. As shown in Figure 4 , the LUMO and HOMO of 8f encompass the entire molecular systems. Therefore, its absorption bands appear to be π→π* transitions. With respect to 8a, the HOMO coefficients reside mainly on the naphthalene and PN heterocyclic moiety, whereas the terminal phthalonitrile substituent dominates the LUMO. Thus, the S0→S1 transition of 8a appears to have some charge transfer (CT) character. As with the other four compounds, from 8f to 8b, the orbital coefficients in the LUMO gradually shift to the pendant phenyl units, whereas the contributions of naphthalene fused PN heterocyclic rings to the HOMOs remain almost unchanged. It is implied that the tendency of CT become increasingly identifiable for their S0→S1 transitions. These calculations suggested that the attachment of the pendant phenyl units to the parent core can significantly change the electronic structure of these compounds. In contrast, the fluorescence maxima (λem) are red-shifted significantly following the same trend as the absorption spectra ( Figure 3 ). As shown in Table 1 , the compounds appended with the electron-withdrawing substituents possess impressive emission quantum efficiencies (0.29-0.93), compared to those small values (F < 0.1) observed among the relevant PNheterocycles. 10, 11 The TD-DFT calculations show that the S1←S0 excitations in linear analogues 7 10 have much smaller oscillator strengths ( Figure S8 ), which may partly account for the lower quantum yields of 7 relative to 8. The emission peaks for 8f were found to be unaffected by solvents of varying polarity, which is in agreement with the π→π* transition being the rst excited state. However, the emission peaks for 8a-d were bathochromically shifted and broaded in varying degrees with the increasing solvent polarity (see Supporting Information), which is consistent with their involvements of CT transitions.
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The fluorescence decay histograms of 8d-f fitted with a single exponential function with the fluorescence lifetimes range from 0.8 to 2.6 ns ( Table 1) . By contrast, only the bi-exponential model can be reasonably applied to 8a-c, indicating that different emissive species existed in the excited state. There is a trend in the amplitudes of the two components, as the p-substituent becomes more electron-withdrawing, the longer-lived excited state becomes dominant. Considering the different electronic structures of 8, the excitations for 8d-f seem to take place locally within the phenanthrene-like heterocyclic fragment, whereas some added intramolecular charge transfer (ICT) occurred between the central core and 3-aryl moieties in 8a-c, which correspond to the mixed π→π*/ICT states. Additionally, the TD-DFT optimized geometries of S1 state of 8 show that the whole molecular system become more conjugated compared to their ground states, as a result of decreasing the dihedral angles and shortening the length of the connecting C−C bond between the plane of 3-phenyl groups and the plane of the tricyclic core (Table S2 ). These geometric relaxations favor the electron delocalization and eventually lower the HOMO-LUMO gaps, thereby contributing to their Stokes shifts. And thus, the TD-DFT predicted emission wavelength with increased oscillator strength are within the observed emission maxima (Table 1 and  Table S3 ).
Self-Dimerization. Unlike linear-fused regioisomers 7, most of compound 8, aside from 8a, exhibit appreciable solubility in CHCl3, which allows the investigation of their dynamic dimerization behaviors in solution state by viture of variable concentration (VC) NMR spectroscopy experiments. When a water-saturated CDCl3 solution of 8b was diluted from 17 mM, the resonances of of the P atom showed upfield shifts of 1 ppm, indicating disassociation of dimer 8b•8b (Figure 5a) . Meanwhile, the proton of the phosphonamide NH also gradually shifted upfield with decreasing concentration. Nonlinear regression analysis of the chemical shift data of NH proton and P atom yielded the dimerization constants Kdim value of 308 M -1 and 289 M -1 , respectively. The results are consistent with the expected strong N−H/P=O hydrogen bond pairs. Additional Kdim data for the dimerization of the other phosphonamidates are summarized in Table 4 . The dimerization constants for 8b and 8d, with their electron-withdrawing substituent in the 3-aryl position were measured to be over 200 M -1 . In contrast, both compound 8e, with less electron poor group, and 8f, bearing electron-donating group showed a Kdim value of less than 100 M -1 . It is noteworthy that the obtained self-association constants are significantly larger than those of structurally related C=O/N−H motifs. 14 To gain insight into the self-association properties, the calculated electrostatic potential (ESP) showed that the domain with the global positive ESP (Vs,max) is located on the N−H moiety of 8b, accompanied by the most negative ESP (Vs,min) on the P=O local surface (Figure 6a ). Similar distribution patterns of ESP are found within all other molecular systems. According to the 'best donor-best acceptor' empirical rule proposed by Etter, 15 it is speculated that the assembly via the N−H/P=O hydrogen bonds would cancel out their surface global extremes to form stable self-complementary dimer. As suggested in the solid structure, another important aspect of self-association is that a monomer always adopts an 'edge to edge' anti-parallel orientations with respect to its enantiomer, while the dimer consisting of two identical monomers was never observed. We note that the distribution of positive and negative charges across the PN heterocycle core are uneven and would give rise to an permanent dipole moment (μg), which was calculated to be 6.5 D (Figure 6b) . Nevertheless, the dipole moment for the anticipated dimer (R, S)-meso-dimer is completely vanished (μg ≈ 0 D). The result is not surprising since the dipole moment vectors in the two monomers are also in anti-parallel arrangement, due to the centrosymmetric structure of meso-dimer. In contrast, the suggested (S, S)-dimer still possess a small dipole moment (0.4 D) relative to the monomer. It seems that this unique antiparallel alignment feature for self-association is directly related to the most favorable orientation for dipolar anisotropy, which the dipole moments for two monomers are effectively cancelled. Furthermore, the non-covalent interactions (NCI) plot reveal that additional long-range repulsive domains appear between the -OPh moieties in the (S, S)-dimer (Figure 6d ), which acted as some kind of destabilizing steric clashes. Meanwhile, the predicted interaction energy (ΔEint) in gas phase for the resulting (R, S)-meso-dimer is 3 kJ/mol more negative than that of the proposed (S, S)-dimer counterpart although their H-bond parameters are comparable with each other (Figure 6c ). Thus, these findings indicate PN heterocycles 8 have greater propensity for formation of the meso-dimer compared to the (S, S)-dimer or (R, R)-dimer. (Eint) is defined as the gas-phase electronic energy difference between dimer and its isolated monomers and calculated at M06-2X/ma-def2-TZVP//M06-2X/TZVP level of theory, which were corrected for the basis set superposition error (BSSE) in both complexes. (d) The NCI plots for two dimeric motifs at the M06-2X/TZVP equilibrium geometries. NCI regions are represented as solid surfaces and blue−green−red scaling from −0.03 < sign(2)r) < 0.01 (in a.u.), where red surface indicates strong repulsion, blue surface strong attraction and green surface relatively weak interactions. Isosurface cutoff for NCI = 0.5.
To understand the energy differences on dimerization, we analyzed the geometric aspects of the hydrogen bonds of each dimer. The DFT optimizations on these meso-dimeric complexes at the PCM(CHCl3)-M06-2X/TZVP level of theory revealed that the two H-bond distances near N−H/P=O moieties are nearly identical to each other. The values of electron density ρ(r) at the hydrogen bond critical points (BCPs) derived from the atoms in molecules (AIM) topological analysis fall within a narrow window (0.029-0.031 a.u.). Meanwhile, the total hydrogenbonding energies for the bifurcated N−H•••O=P H-bonds are estimated to be ca. −17.8 kcal/mol for each dimer complex, suggesting they have similar primary H-bond strengths regardless of the appended p-substituents (Table S20) . By comparing computationally derived Vs,max (i.e., respective H-bond acidity of N−H) and Vs,min (i.e., respective H-bond basicity of P=O) values 16 across this series of compounds, there is a general increase in Vs,max absolute values and a concurrent decrease in Vs,min absolute values with the increasing electron-withdrawing abilities of the 3-aryl substituents (i.e. the increasing Hammett substituent parameters, 17 σp = ~1.22 for 8a, 0.96 for 8b, 0.66 for 8c, 0.72 for 8d, 0.54 for 8e and −0.27 for 8f) ( Figure S10 ). Presumably, the comparable hydrogen bond lengths could be interpreted by the balance between the increased H-bond donor capability of N−H and the reduced H-bond acceptor capability of P=O from 8f to 8a. However, the total interaction energy (ΔEint) for the dimerization in gas phase computed at M06-2X/ma-def2-TZVP//PCM(CHCl3)-M06-2X/TZVP level of theory exhibit in the order of 8a > 8b > 8d > 8c > 8e > 8f, and agree qualitatively well with the respective experimentally-determined Gibbs free association energies (Table 5) .
To figure out the actual origin of energy differences, symmetry adapted perturbation theory (SAPT) was utilized to decompose the binding energies into different energy terms. The total SAPT0/jun-cc-pVDZ energies demonstrate the same trend found in gas-phase interaction energies. According to the SAPT0 energy decomposition, the electrostatic interactions are the leading contributors to stabilization, followed by induction, and dispersion, whereas the exchange term destabilize the complexation (Table 5 and Table S22 ). Notably, the electrostatic components also display a distinct trend with the order of 8a > 8b > 8c > 8d > 8e > 8f. We further note that the sum of contributions from non-electrostatic components (Enon-ele) are similar for all the considered systems expect 8a and vary within the narrow range of +9.7 to +10.5 kJ/mol. The Enon-ele part acts as the destabilizing term for overall interacting energies, hence, the electrostatics alone are comparable to the total interaction energies of these dimeric complexes. To an extent, the higher interaction energies for this type molecular systems are mainly due to the pronounced electrostatic interactions.
In the context of structurally similarities among the monomers and their dimers as well as the dipolar properties for this type of compound, we assumed that the dimers were stabilized by some additional non-covalent interactions such as possible permanent dipole-dipole interactions (accounted in Eele term). To further clarify the role of dipolar interactions, we performed calculations for the dipole moments of 8 and their corresponding meso-dimers at M06-2X/ma-def2-TZVP level of theory, the results were shown in Table 5 and Figure S11 . Consistent with the trend for the calculated ΔEint, the magnitude of μg for the monomeric compound increase with the order of 8f < 8e < 8c < 8d < 8b < 8a (ranging from 3.8 D to 11.2 D), as expected, the nearly quenched molecular dipole moments were found among all the examined dimer systems. These results suggest that the monomeric polarity difference suitably describes the experimental tendencies for all the addressed dimeric adducts and the enhanced dipolar interactions between the (R)-and (S)-monomers could be one of the influential factors for the overall dimeric stabilization, though it should be noted that many other components, including solvation, dispersive elements such as π-π interaction could be interplayed during the actual dimerization events.
■ CONCLUSIONS In conclusion, we have prepared a new type of fluorescent naphtho-fused PN-heterocycle via the P(OPh)3-mediated cyclization protocol. Both the experimental results and the DFT calculations have revealed that the pendant phenyl rings have a significant impact on their optical properties, electronic structure and self-association behaviors. The incorporation of strong electron-withdrawing group leads to a redshift in spectrum with good photoluminescence quantum yields, as well as strong dimerization in solution state. The monomeric polarity model can successfully explain the overall dimerization stabilities and suggest that appreciable tuning of self-association ability would be possible by modifying the dipole moment of monomer, i.e. via varying 3-aryl substituents among these PN heterocycles. These results not only provide an understanding of the nature of the π-extended PN-heterocyclic skeletons, but also a basis for designing intriguing motifs for constructing fluorescent probes and sensors. Furthermore, the strong selfdimerizaton patterns suggest that this class of molecules could be useful as novel monomeric components for supramolecular assemblies. 31 P chemical shifts are reported against 85% H3PO4 (δ 0 ppm) as external reference. Mass spectra data were acquired on a Waters SYNAPT QToF in positive ion mode with a Shimadzu LC20AD HPLC front end. The solvents were MeCN:H2O:0.1% HCO2H at a flow rate of 0.05 mL min -1 with a 5 μL injection on a loop injection. Preparative SEC was performed using a JAI Recycling Preparative HPLC (Model LC-9101) with a JAIGEL-1H preparative column with CHCl3 as solvent. Analytical TLC was carried out on TLC plates (5  10 cm with 0.25 mm thickness, silica gel 60 F254, Merck, Darmstadt, Germany) cut from the commercially available aluminium sheets. Solvents and reagents were used as purchased from suppliers, unless anhydrous conditions were employed, in which case, solvents were freshly distilled from sodium/benzophenone under N2 atmosphere (THF) or as purchased. Iodonaphthalenamines 9 18 weresynthesized according to the literature method.
■ EXPERIMENTAL SECTION

Synthesis of 10
A ~0.1 M solution of the respective iodonaphthalenamine 9 (1.0 equiv.) in toluene (4 mL) and (i-Pr)2NH (4 mL) was purged for 15 min with N2. TMSA (1.5 equiv.) was added via syringe. After an additional 5 min N2 purging, CuI (0.1 equiv.) and Pd(PPh3)2Cl2 (0.1 equiv.) were added to the reaction mixture. The flask was then purged for an additional 5 min, then sealed and stirred at room temperature under N2 for 12 h. The mixture was then concentrated and the residue chromatographed on silica gel to afford the desired ethynylsilane 10 as a colorless oil. Yield: 98%. Rf 
General
Procedure for Synthesis of Phenylethynylnaphthalen-amines 11 To a solution of alkyne 10 (1.0 equiv.) in MeOH/CH2Cl2 (1:1, ~0.01 M) was added K2CO3 (3.0 equiv.). The suspension was stirred at room temperature for 2-3 h, and then filtered through a bed of Celite. After evaporation of the solvent, the crude residue was used directly in the next reaction. To an N2-sparged solution of bromoarene (for 11a-e) or iodoarene (for 11f) (1.2 equiv.) and terminal acetylene (1.0 equiv.) in 1:1 THF:DIPA was added 5 mol% Pd(PPh3)2Cl2 and 5 mol% CuI. The suspension was stirred at room temperature under an N2 atmosphere for 24 h. In the case of the 4-bromobenzonitrile starting material, the solution was heated to 60 °C for 12 h. The reaction mixture was cooled, concentrated in vacuo and purified via flash chromatography to give the desired product 11 as dark-orange oil.
4-((1-aminonaphthalen-2-yl)ethynyl)phthalonitrile (11a). Yield: 85%. Rf = 0.28 (hexanes/EtOAc, 3:1).
1 H NMR (600 MHz, DMSO-d6) δ 8.49 (s, 1H), 8.27 (d, J = 8.4 Hz, 1H), 8.14-8.09 (m, 2H), 7.76 (d, J = 8.1 Hz, 1H), 7.52 (t, J = 7.4 Hz, 1H), 7.47 (t, J = 7.6 Hz, 1H), 7.32 (d, J = 8.4 Hz, 1H), 7.09 (d, J = 8.5 Hz, 1H), 6.54 (s, 2H).
13 C NMR (151 MHz, DMSO-d6) δ 148. 4, 135.7, 135.3, 134.6, 134.0, 129.2, 128.6, 128.1, 127.6, 125.0, 123.0, 121.8, 116.0, 115.7, 115.6, 115.0, 112.1, 96.6, 95.8, 92.5 2-((4-((trifluoromethyl)sulfonyl)phenyl)ethynyl)naphthalen-1-amine (11b). Yield: 83%. Rf = 0.29 (hexanes/EtOAc, 4:1).
1 H NMR (500 MHz, CDCl3) δ 8.02 (d, J = 8.1 Hz, 2H), 4H), 2H), 7.42 (d, J = 8.5 Hz, 1H), 7.25 (d, J = 8.7 Hz, 1H), 4.99 (s, 2H).
13
C NMR (126 MHz, CDCl3) δ 146. 0, 134.8, 132.7, 132.3, 130.9, 129.6, 128.9, 128.3, 127.6, 125.9, 121.2, 119.9 (q, J = 327. 2-(2-(4-Cyanophenyl)ethynyl)naphthalen-1-amine (11c). Yield: 61%. Rf = 0.18 (hexanes/ EtOAc, 5:1).
1 H NMR (500 MHz, CDCl3) δ 7.84 (d, J = 7.9 Hz, 1H), 7.80 (d, J = 7.1 Hz, 1H), 4H), 2H), 7.43 (d, J = 8.5 Hz, 1H), 7.27 (m, 1H), 4.97 (s, 2H).
C NMR (126 MHz, CDCl3) δ 145. 5, 134.6, 132.2, 131.8, 128.9, 128.6, 128.3, 127.3, 125.8, 122.5, 121.1, 118.7, 118.4, 111.3, 100.8, 94.2, 91.9 2-((4-(methylsulfonyl)phenyl)ethynyl)naphthalen-1-amine (11d). Yield: 83%. Rf = 0.12 (hexanes/EtOAc, 2:1).
1 H NMR (500 MHz, DMSO-d6) δ 8.26 (d, J = 8.2 Hz, 1H), 4H), 7.76 (d, J = 7.9 Hz, 1H), 2H), 7.34 (d, J = 8.4 Hz, 1H), 7.10 (d, J = 8.4 Hz, 1H), 6.37 (s, 2H), 3.24 (s, 3H).
13 C NMR (126 MHz, 139.4, 134.4, 131.8, 128.8, 128.2, 127.4, 127.3, 125.1, 123.0, 122.0, 116.0, 97.8, 93.7, 92.2, 43.6 2-(2-(4-(Trifluoromethyl)phenyl)ethynyl)naphthalen-1-amine (11e). Yield: 62%. Rf = 0.42 (hexanes/EtOAc, 10:1).
1 H NMR (500 MHz, CDCl3) δ 7. 1H), 1H), 4H), 2H), 7.43 (d, J = 8.5 Hz, 1H), 7.25 (d, J = 8.5 Hz, 1H), 4.93 (s, 2H) . 13 C NMR (126 MHz, CDCl3) δ 145.2, 134.5, 131.6, 129.8 (q, J = 32.8 Hz), 128.8, 128.4, 127.4 (q, J = 1.3 Hz), 127.2, 125.7, 125.5 (q, J = 3.8 Hz), 124.1 (q, J = 272 Hz), 122.5, 121.1, 118.4, 101.2, 94.3, 89.7. 19 F NMR (471 MHz, CDCl3) 2-(2-(4-Methoxyphenyl)ethynyl)naphthalen-1-amine (11f). Yield: 59%. Rf = 0.39 (hexanes/EtOAc, 5:1).
1 H NMR (500 MHz, CDCl3) δ 7. 2H), 7.54 (d, J = 8.5 Hz, 2H), 3H), 7.27 (m, 1H), 6.93 (d, J = 8.2 Hz, 2H), 4.91 (s, 2H), 3.87 (s, 3H) . 13 C NMR (126 MHz, CDCl3) δ 159.7, 144.5, 134.1, 133.0, 128.8, 128.6, 126.6, 125.5, 122.7, 121.1, 118.2, 115.7, 114.2, 102.6, 95.5, 85.6, 55.5 
General Procedure for PN-Heterocycles 8
To a solution of amine 11 (0.5 mmol) in dry pyridine (1 mL) was added triphenylphosphite (171 mg, 0.55 mmol). The reaction vessel was sealed and heated to 100 °C for 18-24 h. After cooling, the volatiles were removed in vacuo. The residue was purified through flash chromatography on silica gel (eluting with CH2Cl2/EtOAc, 15/1~3/1 (v/v), containing 0.05% MeOH) to give the crude product, which then was further purified via preparative SEC (if necessary). In most cases, the desired fractions were accompanied by a small amount of unknown persistent aromatic impurities. Analytical pure product can be obtained from recrystallization by slow evaporation of its CHCl3 solution at room temperature. The reported yields are overall yields. (Note: The chemical shifts of 31 P resonances can vary with concentration, thus we reported the H coupled 31 P-NMR spectra). (d, J = 8.9 Hz), 143.7 , 140.5 , 137.6 , 134.8 , 132.7 , 129.5 , 128.7 , 128.2 , 128.2 , 127.5 , 126.6 , 125.2 , 123.8 , 122.6 , 121.8 , 121 137.3, 134.7, 130.2 (q, J = 32.8 Hz), 129.5, 128.6, 128.1, 128.1, 128.0, 127.5, 126.6, 126.0 136.4, 134.2, 129.3, 129.1 (d, J = 6.9 Hz), 128.4, 128.3 (d, J = 9.3 Hz), 127.5, 127.4, 126.4, 124.8, 124.0, 123.9 (d, J = 8.0 Hz), 122.9, 122.3, 121.4 (d, J = 4.2 Hz), 121.3, 115.9 (d, J = 15.1 Hz), 114.5, 55.6. 31 P NMR (202 MHz, CDCl3) δ 13.07 (d, J = 40.7 Hz) . UV/Vis (CHCl3): λmax (log ε) 372 (3.86), 356 (3.87) 
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